Background
Introduction
Diabetes has become one of the most common causes of end-stage renal disease (ESRD) in numerous countries, and a 44.6%, 44.5%, and 43.7% incidence of ESRD in patients is caused by diabetes in Japan, Taiwan, and the United States, respectively [1] . Because of the alarming rise in the number of diabetes cases worldwide [2] , the ESRD population is increasing. The prevalence and incidence of ESRD is increasing rapidly in Taiwan [3] . The total number of regular dialysis patients increased by 26.5% from 52 081 in 2006, to 65 883 in 2010 [4, 5] . The rising number of ESRD patients requiring dialysis therapy or transplantation is a population health problem, which places a substantial burden on medical and health resources [1] .
Hyperglycemia is the most crucial factor in the progression of microvascular complications of diabetes, including nephropathy. The American Diabetes Association (ADA) recommended that target HbA1c should be below or around 7.0% [6] . A longitudinal study demonstrated that controlling HbA1c < 7.0% reduced new-onset microalbuminuria risk by 27 .1% in a cohort of type 2 diabetes patients with normoalbuminuria [7] . Several studies have focused on the association between glycemic control and early onset diabetic nephropathy (DN), defined by microor macroalbuminuria for clinical renal outcomes in type 2 diabetes patients [8] [9] [10] [11] . Several studies have reported that strict glycemic control intervention reduced the risk of microalbuminuria and macroalbuminuria [8, 9] , whereas others have not [10, 11] .
Previous studies have evaluated the associations between intervention targeting strict glycemic control and substantially clinical renal outcomes, such as ESRD requiring dialysis therapy in type 2 diabetes patients [8] [9] [10] [11] . However, the findings on the relationships between strict glycemic control intervention and ESRD in these studies are conflicting. Perkovic et al observed that intensive glucose control intervention significantly reduced ESRD risk [9] , but no significant effect of intensive glycaemia therapy on ESRD has been observed in other studies [8, 10, 11] . The primary aim of a randomized clinical trial (RCT) is to assess the intervention effect of strict glycemic control on ESRD outcome, not the association between HbA1c level and ESRD incidence. Among Canadian patients with diabetes and chronic kidney disease (CKD), a Ushaped relationship between HbA1c levels and all-cause mortality was observed, but not in ESRD patients [12] . A South Korea study revealed that ESRD risk in HbA1c of 6.50%-7.49% and7.50% were significantly increased compared with HbA1c of < 6.50%; because of the limited sample size and a hospital-based study design, the authors could not evaluate whether a lower level of HbA1c increased or decreased ESRD risk [13] .
Whether extreme levels of HbA1c increase the risk of ESRD incidence in the Han Chinese population has not been reported. The effect of HbA1c on ESRD among type 2 diabetes patients warrants further investigation. Therefore, we estimated the incidence of ESRD according to HbA1c levels, and evaluated whether a J-or U-shaped relationship between HbA1c levels and ESRD risk exists in a large cohort of ethnic Chinese patients with type 2 diabetes enrolled in the National Diabetes Care Management Program (NDCMP).
Materials and Methods

Study Participants
Our study population from a national cohort of Taiwan Diabetes Study comprised 62 656 diabetic patients enrolled in the NDCMP from 2002-2003 in Taiwan. The date of entry into the NDCMP was defined as the index date. The NDCMP provided a set of integrated examinations and performance measures for patients. At the beginning of entering the NDCMP, patients underwent a series of medical tests for blood, urine, and body measurements; and patients were required to complete a standardized and computerized questionnaire administered by a case management nurse to record the previous status of their medication and lifestyle behaviors. This nationally managed care for diabetes patients was established by the Bureau of National Health Insurance (BNHI) in November 2001. Its goal is to integrate related departments, expertise, and hospitals at diverse levels to provide continual, approachable, and highquality care for diabetes patients. All patients diagnosed with diabetes (International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM); code 250) based on ADA criteria were invited to participate in the NDCMP. In this study, patients with type 1 (ICD-9-CM codes: 250.x1/x3) or gestational (ICD-9-CM codes: 648.83) diabetes (n = 2072), aged less than 30 years (n = 651), and those missing diabetes-related variables information (n = 7091) were excluded. We also excluded patients with a diagnosis of ESRD at baseline or incidence ESRD cases within 1 year of the index date to eliminate cause-and-effect (n = 317), along with patients who died or withdrew from the National Health Insurance (NHI) program within the first year after participating in the NDCMP (n = 844). Finally, 51 681 participants were included for further analysis. This study was approved by the Ethical Review Board of China Medical University Hospital. Patient records and information were anonymized and deidentified prior to analysis.
Baseline Assessments
The key independent variable was baseline HbA1c. According to the clinical criteria of HbA1c, the participants were grouped into 6 categories: < 6.0%, 6.0%-6.9%, 7.0%-7.9%, 8.0%-8.9%, 9.0%-9.9%, and10.0%. Covariates at baseline consisted of sociodemographic factors, lifestyle behaviors, biochemical variables, diabetes-related variables, and comorbidities including age, sex, smoking status (no, yes), alcohol consumption (yes, no), fasting plasma glucose (FPG), total cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), serum creatinine, duration of diabetes, type of antidiabetes medication (diet and exercise or oral monotherapies, oral polypharmacotherapies, and insulin treatments), antihypertensive medication (yes, no), obesity (body mass index27 kg/m 2 ), diabetic ketoacidosis (DKA) (yes, no), hyperosmolar non-ketoacidosis (HHNK) (yes, no), severe hypoglycemia (yes, no), and neuropathy (yes, no). Regarding DKA, HHNK, severe hypoglycemia, and neuropathy, we used data collected in the NDCMP, which used the standardized and computerized questionnaire to record whether patients had ever occurred each disease event.
Renal function was evaluated using glomerular filtration rate (GFR); estimated GFR (eGFR) was calculated using the Chronic Kidney Disease Epidemiology 10-654.14) . A diabetic patient was defined as having one of these comorbidities by using at least one inpatient or three ambulatory claims data which were collected for 1-year period prior to cohort entry. Data were from the National Health Insurance Research Database (NHIRD), which is affiliated with the Taiwan NHI program initiated on March 1, 1995 and maintained by the National Health Research Institutes. In 2007, more than 98% of Taiwan's population of 23 million were covered by the NHI program [15] . To protect privacy, data on patient identities were scrambled cryptographically by the NHIRD. The validity of claims data is ensured by the BNHI; claims data are examined including procedures examination, expert review, on-site examination, and files analysis [16] . In the expert review stage, a random sample for every 50-100 ambulatory and inpatient claims in each hospital and clinic is examined by experts with clinical experiences, based on medical theory, medical requirement, treatment priorities, etc. A severe penalty is enforced for false diagnosis reports, and the misclassification of baseline comorbidities is rare.
Primary Outcome Ascertainment
Our outcome of interest was ESRD defined by requiring dialysis at least 3 months. These incident ESRD cases (ICD-9-CM code: 585) were identified from the NHIRD Registry for Catastrophic Illness Patient Database excluding patients with acute kidney failure. The physician diagnosed ESRD by performing a physical examination and tests to check renal function. Tests may include blood tests, urine tests, renal imaging, and kidney biopsy. Patients with ESRD approved for catastrophic illness registration cards are those who have received hemodialysis or peritoneal dialysis for over 3 months. Insured ESRD patients with catastrophic illness registration cards are not required to pay medical expenses when they seek health care for ESRDrelated conditions.
Statistical Analysis
The baseline period was 2002-2003. Participants were followed until the development of ESRD, death, or the end of 2011. The baseline demographic and clinical characteristics of the participants in the NDCMP were examined according to HbA1c levels. Continuous variables were reported as the mean±standard deviation (SD), and categorical variables were tallied as a number and percentage. Bivariate statistical methods (eg, one-way analysis of variance, Chisquare test) were used to explore data features. Incident ESRD density rates per HbA1c level were estimated, and Kaplan-Meier cumulative incidence curves were derived. The extended Cox proportional hazards model using the Lunn-McNeil approach was applied as a modified Cox proportional hazards model that considered competing risks and allowed for multivariable adjustment [17] . The extended Cox proportional hazard models with the competing risk of death were used to evaluate the association between HbA1c level and incident ESRD. Hazard ratios (HRs) and their 95% confidence intervals (CIs) were calculated. Three multivariate models were built: first, we adjusted for age and sex; second, we additionally adjusted for diabetes duration, smoking, drinking, obesity, hypertension, antihypertensive medication, hyperlipidemia, types of antidiabetes medication, and baseline eGFR; and, third, we additionally adjusted for neuropathy, severe hypoglycemia, DKA, HHNK, CVA, CAD, CHF, and cancer. Two forms of sensitivity analysis were performed. One was conducted to investigate the potential bias caused by the existence of comorbidities by excluding those patients with DKA, HHNK, severe hypoglycemia, CVA, CAD, and CHF. The other was conducted to increase the precision of HbA1c measurements by using the average value of all HbA1c measurements within 1 year since the index date. The analyses were conducted using SAS version 9.3 (SAS Institute Inc., Cary, NC), and significance was set at a 2-sided P < .05.
Results
The demographic and clinical characteristics of the 51 681 NDCMP participants are summarized according to baseline HbA1c levels in Table 1 . The mean age of the participants was 61 years. In our study, 2613 (5.06%) patients were diagnosed with ESRD during a mean follow-up period of 8.1 years (median: 8.8 y, IQR: 8.2-9.2 y). The overall incidence density rate (IDR) of ESRD was 6.26 per 1000 person-years. Furthermore, the overall IDR of death was 24.68 per 1000 person-years, and patients with baseline HbA1c level10.0% had the highest mortality, 27.33 per 1000 person-years. The mean ages of the 6 HbA1c groups ranged from 58 to 63 years. Patients with baseline HbA1c10.0% had a high smoking prevalence and high mean values of FPG, total cholesterol, triglycerides, HDL-C, and LDL-C. Table 2 shows the IDRs of ESRD according to HbA1c levels, HRs of ESRD, and their 95% CIs. Patients with high levels of baseline HbA1c had high IDRs of ESRD, from 4.34 for HbA1c < 6.0% to 10.33 for HbA1c10.0% per 1000 person-years. A J-shaped relationship between HbA1c and incident ESRD risk was observed. Patients with HbA1c < 6.0% and10.0% were at a 1.99-and 4.42-fold greater risk of ESRD (95% CI: 1.62-2.44, P < .001 and 95% CI: 3.80-5.14, P < .001, respectively) than were patients with HbA1c levels of 6.0%-6.9% after considering age, sex, diabetes duration, lifestyle behaviors, eGFR, medications, and comorbidities. In a sensitivity analysis, we observed similar results after excluding patients with DKA, HHNK, severe hypoglycemia, CVA, CAD, and CHF; the adjusted HRs and their 95% CIs were 2.26 (1.76-2.92), 1.94 (1.59-2.37), 2.33 (1.90-2.85), 2.98 (2.42-3.66), and 4.99 (4.15-6.01) in HbA1c < 6.0%, 7.0%-7.9%, 8.0%-8.9%, 9.0%-9.9%, and10.0%, respectively, compared with that in HbA1c 6.0%-6.9%. Furthermore, to reduce the random error of one HbA1c measurement, we used the mean value of HbA1c measurements obtained within 1 year as the predictor of ESRD risk (n = 31 747). We also observed a J-shaped relationship between HbA1c and ESRD risk; that is, the adjusted HRs and their 95% CIs were 2.20 (1.70-2.85), 1.80 (1.47-2.19), 2.10 (1.72-2.56), 2.66 (2.16-3.29), and 4.32 (3.53-5.28) in HbA1c < 6.0%, 7.0%-7.9%, 8.0%-8.9%, 9.0%-9.9%, and10.0%, respectively, compared with that in HbA1c 6.0%-6.9%. Fig 1 presents the cumulative incidence curves of ESRD based on HbA1c levels. Patients with baseline HbA1c10.0% were at an increased risk of ESRD (log-rank test P < .0001). Fig 2 shows the adjusted HRs and their 95% CIs for ESRD based on HbA1c levels of 10.0% and < 6.0% stratified by sex (women or men), age ( < 65 or 65 y), eGFR ( 60 or < 60 mL/min/1.73 m 2 ), and types of antidiabetes medication (diet and exercise or oral monotherapies, oral polypharmacotherapies, and insulin treatments). We still observed a J-shaped relationship between HbA1c and ESRD risk across these different stratification subgroups. Comparing HbA1c level 10.0% with 6.0%-6.9%, the ESRD risk consistently increased across various strata (all P < .001). There were similar trends in comparing HbA1c level < 6.0% with 6.0%-6.9%, except age65 years and eGFR60 ml/min/1.73m² subgroups. Significant interaction between HbA1c and sex (w 
Discussion
We used NDCMP data and nationwide NHI claims data to estimate the incidence of ESRD from 2002 to 2011, and evaluate the association between baseline HbA1c and incident ESRD in patients with type 2 diabetes. A total of 2613 patients were diagnosed with new-onset ESRD during follow up. The lowest incidence of ESRD was 4.29 per 1000 person-years in the groups Data were presented as mean±SD for continuous variables or n (%) for categorical variables. IDR: incidence density rate; FPG: fasting plasma glucose;
HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; eGFR: estimated glomerular filtration rate; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; DKA: diabetic ketoacidosis; HHNK: hyperglycemic hyperosmolar nonketotic coma; CVA:
cerebral vascular accident.
a: All P-values were less than .05 for comparing HbA1c groups. b: Geometric mean was presented.
c: The number of death included patients who died either with or without ESRD during the follow-up period.
d: IDR = number of incidence cases/person-years*1000.
doi:10.1371/journal.pone.0130828.t001 with HbA1c levels of 6.0%-6.9%; the highest ESRD incidence was 10.33 per 1000 person-years in the HbA1c of 10.0% group. A J-shaped relationship between HbA1c and ESRD risk was observed in the entire sample. Moreover, interaction between HbA1c and types of antidiabetes medication on ESRD risk was significant (P < .05). A study in South Korea was performed to assess the appropriate HbA1c level for minimizing ESRD incidence in diabetic patients by using the Seoul National University Bundang Hospital database [13] . The authors demonstrated that the cumulative incidence of ESRD was directly proportional to baseline HbA1c level: 1.3% in HbA1c < 6.5%, 1.8% in HbA1c 6.5%-7.49%, and 2.7% in HbA1c7.5% (P = .017). The risks of ESRD in HbA1c 6.5%-7.49% and 7.5% were significantly increased compared with that in HbA1c < 6.5%, respectively. Because , and type of antidiabetes medication (diet and exercise or oral monotherapies, oral polypharmacotherapies, and insulin treatments). The HRs were adjusted for age, sex, diabetes durations, smoking, drinking, obesity, hypertension, antihypertensive medication, hyperlipidemia, type of antidiabetes medication, baseline eGFR, neuropathy, severe hypoglycemia, DKA, HHNK, cerebral vascular accident, coronary artery disease, congestive heart failure, and cancer, except for stratified variable. Significant interaction between HbA1c and sex (w of the limited sample size and hospital-based study design, the authors did not evaluate the effect of a more extreme cutoff point of HbA1c on ESRD risk. Our study revealed that HbA1c < 6.0% or7.0% increased the risk of incident ESRD in the entire sample of the Han Chinese population, with a greater variation of this effect in subgroups based on eGFR level and types of antidiabetic medication.
Our study observed a J-shaped relationship between HbA1c level and ESRD, in contrast, a population-based cohort study in Canada conducted by Shurraw et al did not observe an overall relationship between HbA1c level and ESRD [12] . They found significant interaction between HbA1c and eGFR on ESRD risk, i.e., HbA1c level > 9% was associated with increased risk of ESRD associated at higher level of baseline eGFR. In our study, we also observed the significant interaction between HbA1c and eGFR levels, which was consistent with those reported by Shurraw et al. The Canadian population-based cohort study had 2 crucial limitations: they could not control for certain potential confounders, such as the use of insulin or other medications and laboratory markers, and they could not distinguish between type 1 and type 2 diabetes [12] . Furthermore, they did not consider competing risk analysis. The traditional Cox regression does not taking competing risks into account. As for the relationship between HbA1c level and all-cause mortality, a significant linear relationship was observed in our study; the risk of mortality increased as the level of HbA1c increased (P for trend: < .001, HR: 1.04, 95% CI: 1.03-1.06 for every 1% increment in HbA1c).
In previous RCTs exploring the effect of intensive glucose control intervention on DN, 2 RCTs have demonstrated that intervention targeting intensive glucose control can reduce the risk of new-onset micro-and macroalbuminuria in type 2 diabetes patients [8, 9] , but 2 other RCTs have lacked evidence [10, 11] . Inconsistencies also exist regarding the relationships between strict glycemic control and ESRD [8] [9] [10] [11] . Furthermore, Coca et al performed metaanalysis to assess the role of tight glucose control intervention in the development of surrogate and clinical renal endpoints in type 2 diabetes patients [18] . They concluded that strict glycemic control intervention could reduce the risk of micro-and macroalbuminuria, but lacked evidence related to ESRD. These RCT studies provided experimental evidence, but did not reveal the natural relationship between HbA1c and ESRD. The results of these RCTs indicate that the median HbA1c level was approximately 6.5%-7.0% in the intensive-therapy group, with 5-10 years of follow up [8-11, 19, 20] , which was lower than those in the standard therapy group (approximately 7.0%-8.4%).
DN is a complex disease, and multiple mechanisms contribute to DN development. Hyperglycemia plays a pivotal role in DN development, which affects mesangial cells and glomerular injury. Mesangial cells are of critical importance to kidney function in maintaining glomerular capillary structure and regulating glomerular filtration [21] . Previous studies have demonstrated that hyperglycemia is linked to increased mesangial cell matrix production [22, 23] and mesangial cell apoptosis [24, 25] . Three mechanisms have been proposed to explain how hyperglycemia can lead to tissue damage, including nonenzymatic glycosylation, activation of protein kinase C, and acceleration of the polyol pathway [26, 27] . A possible explanation for the increased risk of ESRD for HbA1c < 6.0% is that diabetic patients with low levels of HbA1c are likely to have hypoglycemia, which results in increased risk of hyperglycemia [28] . A previous study revealed that hyperglycemia after hypoglycemia could worsen endothelial function and increase oxidative stress and inflammation [28] .
The current study has several strengths. First, we used nationwide data with a large sample size, and all patients diagnosed with diabetes were invited to participate in the NDCMP, which provides a set of integrated examinations and performance measures for participants. Second, the NHI program in Taiwan provides continuing universal coverage for the entire population, which avoids selection bias. Third, using NHI datasets eliminated the need to minimize the number of cohort participants lost to follow up. In addition, we easily obtained a large sample of geographically dispersed patients. Fourth, we defined the new-onset ESRD cases based on the Registry for Catastrophic Illness Patients Database, which resulted in the high ascertainment validity of the ESRD cases. This could minimize ESRD misclassification bias. Finally, we controlled for numerous crucial clinical and demographic factors, such as laboratory markers, types of antidiabetes medication, antihypertensive medication, and diabetes-related comorbidities, which could minimize the effect of potential confounders.
Nevertheless, three limitations deserve to be mentioned. First, we did not conduct repeated measurements of HbA1c for all the study participants within 1 year of the follow-up period to reduce the random error of once HbA1c measurement. Using approximately 60% of the participants, the mean value of HbA1c measurements obtained within 1 year is a significant predictor of ESRD risk, demonstrating a J-shaped relationship between HbA1c and ESRD risk. Second, we also did not acquire the HbA1c measurement for the later follow-up period; thus, we could not examine the effect of time-varying HbA1c on ESRD risk. Finally, some patients (n = 250, 0.48%) with CKD stage 5 in baseline assessments were included. Prior studies have provided evidence that HbA1c levels were false low [29] [30] [31] due to renal anemia and reduced lifespan of erythrocytes in patients with chronic dialysis. To rule out the impact of chronic dialysis on our findings, we have excluded patients with chronic dialysis at baseline. Thus, the possibility that our findings about the association between low HbA1c level and higher incidence of ESRD was explained by chronic dialysis can be minimized.
Conclusion
In conclusion, our data suggest that a low or high HbA1c value is linked to increased ESRD risk in the population of Chinese patients with type 2 diabetes in Taiwan. Our findings are consistent with the literature indicating that HbA1c level plays a crucial role in ESRD development. Diabetes care has focused on preventing hyperglycemia, but has ignored hypoglycemia. Because a low level HbA1c has the potential risk of causing ESRD to develop, appropriate glycemic control is essential for minimizing ESRD risk, which should be emphasized in diabetes care. Clinicians need to pay attention to HbA1c results on DN.
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